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The abbreviations used are: InsP6, inositol hexakisphosphate; CPD, cysteine protease domain; TcdA, Clostridium difficile Toxin A; LCT, Large Clostridial Toxin; MARTX, multifunctional autoprocessing repeats-in-toxins; VcRTx, Vibrio cholera RTx Toxin; g-CPD, residues 510-809 of TcdA.
The atomic coordinates and structure factors have been deposited in the Protein Data Bank, www.rcsb.org (PDB ID code XXXX). and 270 kDa, respectively) are recognized as the main virulence factors of C. difficile, though their relative importance is the subject of on-going study (3, 4) . These proteins belong to a class of homologous toxins called Large Clostridial Toxins (LCTs) and have been classified more broadly as AB toxins wherein a B moiety is involved in the delivery of an enzymatic A moiety into the cytosol of a target cell. In LCTs, the A subunit is an Nterminal glucosyltransferase that inactivates small G-proteins, such as Rho, leading to cell rounding and apoptosis of the intoxicated cell (5, 6) . The B subunit corresponds to the remainder of the toxin and is responsible for binding the target cell through a C-terminal receptor-binding domain (7) (8) (9) and forming the membrane pore needed for translocation of the A subunit (10, 11) . Unlike other known AB toxins, the glucosyltransferase A domains of LCTs are released from the B subunits by an autoproteolytic cleavage event (12) . Cleavage is triggered by host inositolphosphates and the reducing environment of the cytosol (12) .
In LCTs, autoproteolysis has been attributed to a cysteine protease activity located within the Nterminal region of the B subunit (13) . This region was identified based on homology with the cysteine protease domain (CPD) found in the multifunctional autoprocessing repeats-in-toxins (MARTX) toxins from gram-negative bacteria (14) . Autoprocessing in the MARTX toxin from Vibrio cholera (VcRTx) is also stimulated by InsP6 (15) . A recent crystal structure of VcRTx CPD bound to InsP6 suggests a novel mechanism of InsP6-induced allosteric activation (16) . The CPDs of TcdA and VcRTx share only 19 % sequence identity.
To gain insight into the mechanistic commonalities between these entirely different toxins and to delineate the LCT-specific modes of InsP6-induced processing, we performed structural and functional analyses on the cysteine protease from TcdA.
EXPERIMENTAL PROCEDURES
Plasmid construction and point mutants-The nucleotide sequence coding for amino acids 543-809 of TcdA (TcdA CPD) was amplified from C. difficile strain 10463 genomic DNA. The DNA was cloned into a modified pET27 vector such that the resulting protein contains an N-terminal His 10 tag followed by a 3C protease cleavage site. The sequence preceding the TcdA CPD sequence is MGSSHHHHHHHHHHGSSLEVLFQGPGS. Following 3C cleavage, only non-native residues GPGS remain. The extended construct, TcdA g-CPD, encodes amino acids 510-809. This plasmid was constructed similarly except the last two residues of the leader sequence are VD rather than GS. Point mutants were generated by QuikChange site-directed mutagenesis.
Protein Expression and PurificationTransformed E. coli BL21(DE3) cells were grown in TB containing 50 µg/L kanamycin. Ten mL of overnight culture was used to inoculate 1 L of media and the cultures were placed at 37 °C and 230 rpm. When the cultures reached OD 600 = 0.6, the temperature was changed to 16 °C and expression was induced by the addition of 0.5 mM IPTG. After 16 h the cells were harvested by centrifugation and resuspended in 100 mM NaCl, 20 mM Tris, pH 8.0. Following French Press lysis, the lysates were centrifuged at 48,000 g for 20 min. Protein was purified from the supernatant by Ni-affinity chromatography. For crystallization trials, the His 10 tag was cleaved from TcdA CPD by 3C protease overnight at 4 °C. The mixture was then run back over a Ni-NTA column to remove the cleaved His 10 tag and the His-tagged 3C protease. Cleaved TcdA CPD was further purified by gel filtration chromatography in 50 mM NaCl, 20 mM Tris, pH 8.0. Selenomethionine substituted TcdA CPD was prepared using E. coli BL843(DE3) in minimal media containing 40 mg/L L-selenomethionine following the same procedure, except 5 mM methionine and 1 mM DTT were added to the buffers to prevent oxidation of the selenium. TcdA g-CPD and mutants used for cleavage assays were expressed as above and purified by Ni-affinity and ion exchange chromatography. The His 10 -tag was not cleaved for these proteins.
Crystallization-TcdA CPD was concentrated to 60-80 mg/mL in 50 mM NaCl, 20 mM Tris, pH 8.0. InsP6 (Sigma) was added to 10 mM. TcdA CPD was crystallized by the hanging-drop method at 21 °C with a 1:1 ratio of protein and mother liquor containing 100 mM Tris, pH 8.0-9.0, 25-30 % PEG 8000, and 200 mM guanadinium chloride. Crystals were mounted on cryo loops and flash cooled in liquid nitrogen. No cryoprotectants were required.
Structure Determination and Refinement-Xray data were collected from single crystals on LS-CAT beamlines 21-ID-D and 21-ID-G at the Advanced Photon Source (Argonne, IL). Diffraction data were indexed, integrated, and scaled using HKL2000 (17).
Phases were determined from anomalous scattering data using autoSHARP (18). The model was built using Coot (19) and refined using Phenix (20) with riding hydrogens and seven TLS groups per chain. The final model contains 2 CPD molecules (consisting of residues 547-570 and 575-801 for chain A and 548-570, 578-655, and 661-803 for chain B), 2 InsP6 molecules, and 649 water molecules.
InsP6 Induced Cleavage Assays-TcdA g-CPD and g-CPD mutant proteins were exchanged into 60 mM NaCl, 250 mM sucrose, 20 mM Tris, pH 7.5. 100 µL protein at 5 µM was mixed with 1 µL buffer or InsP6 stock solution and incubated at 37 °C. After 2 h, the reaction was stopped by the addition of loading buffer and heating. For the time course reactions, 1 mL 5 µM protein was treated with 10 µL 500 µM InsP6. At the indicated time-points, 50 µL aliquots were removed; SDS loading buffer was added; and the samples were heated for 5 min. The samples were analyzed by SDS-PAGE with Coomassie staining. Band intensities were quantified using the Kodak 1D 3.6 software. Percent cleavage was calculated as the intensity of the CPD band divided by the sum of the intensities of the g-CPD and CPD bands.
NMR spectroscopy-TcdA CPD was expressed and purified as described for crystallography. The protein was then exchanged into a 50 mM NaCl, 50 mM potassium phosphate, pH 7.0 buffer by gel filtration chromatography and concentrated to 0.6 mM +/-5 mM InsP6. NMR data were recorded at 25 °C on a Bruker DRX600 spectrometer with a 5 mM TXI-Z cryoprobe and processed with Topspin 2.0b (Bruker).
RESULTS

Defining the TcdA cysteine protease domain-
TcdA and TcdB holotoxins undergo autoproteolysis in the presence of InsP6 and DTT to release an N-terminal glucosyltransferase domain (residues 1-542 for TcdA) (21) . In TcdB, the autoproteolytic activity and InsP6 binding have been mapped to fragments corresponding to residues 1-955 and residues 544-955, respectively (22) . Sequence alignment with VcRTx suggests domain boundaries of 543-769 (TcdA) and 543-767 (TcdB) (13) . To define a structural domain required for TcdA auto-proteolysis, we designed a construct for the recombinant expression of TcdA 510-809.
The 33 residues from the glucosyltransferase domain C-terminus were included to provide a substrate for the enzyme and to permit visualization of cleavage by SDS-PAGE (Fig. 1A) . Incubation of this 37 kDa protein, g-CPD, with InsP6 causes proteolysis resulting in two cleavage products of 30 kDa (CPD) and 7 kDa (g). When InsP6 and TcdA g-CPD were mixed in equal molar ratios, proteolysis occurred quickly with 50 % of the protein cleaved in about 10 minutes (Fig. 1B) .
A shorter construct corresponding to TcdA residues 510-769 did not undergo cleavage, even when InsP6 was added in excess (data not shown).
Structure of the TcdA cysteine protease domain-TcdA amino acids 543-809, henceforth TcdA CPD, was crystallized in the presence of InsP6 and the structure was determined at 1.6 Å ( Table 1 ). The asymmetric unit contained two CPD molecules, which align with an rmsd of 0.236 Å based on the backbone α-carbon positions. For the remainder of this paper we refer to chain A. The TcdA CPD is composed of a nine stranded β-sheet flanked by 5 α-helices (Fig. 2) . The closest structural homolog is that of the VcRTx CPD (pdb 3-eeb-A, (16) ) which aligns with an rmsd of 2.9 Å over 187 residues (supplemental Fig. S1 ), while the next closest homolog is caspase-7 (pdb 1-SHJ-B, (23)), aligning with an rmsd of 4.8 Å over 135 residues. In both the VcRTx and TcdA CPD structures, InsP6 binds on one face of the β-sheet and is separated from the proposed active site (Cys700, His655, and Asp589 in TcdA) by a three-stranded β-hairpin structure termed the β-flap (Fig. 2 and  S1 ). The N-terminus of the protein wraps around the exterior of the domain with the most Nterminal of the resolved residues (Gly547) near the proposed catalytic site (Fig. 2) . The TcdA CPD contains about fifty more residues than the VcRTx CPD, which leads to additional β-strands at the top and bottom of the β-sheet and two additional α-helices (supplemental Fig. S1,2) .
The two cysteines of the TcdA CPD domain (Cys597 and Cys700) are more than 20 Å apart, consistent with the observation that for g-CPD, reductants are not needed for InsP6-induced auto-processing ( Fig. 1B  and 2 ). The fact that reducing agents enhance the auto-processing of holotoxin (13) suggests the presence of a disulfide involving at least one cysteine from another domain.
TcdA CPD active site-In cysteine proteases, the nucleophilicity of the active site cysteine is typically enhanced by hydrogen bonding to an adjacent histidine. Often, an additional negatively charged residue, such as aspartic acid, is present to stabilize the positive charge of the histidine. TcdA Cys700, His655, and Asp589 align to residues that have been implicated as catalytic residues in TcdB CPD (13, 22) and VcRTx CPD (15) . To address the role of these residues in autoproteolysis of TcdA, each was mutated within g-CPD and the proteins were tested for InsP6-inducible cleavage. Mutation of Cys700, His655, or Asp589 abrogates InsP6-inducible cleavage (Fig. 3A) . The adjacent Asp590 cannot substitute for Asp589, and mutation of Asp590 does not cause a defect in protease activity (Fig 3A) . While these results are consistent with a catalytic triad, the structure indicates that while His655 and Asp589 are in hydrogen bonding contact, Cys700 is >6 Å from His 655 and >10 Å from D589 (Fig. 3B) . This arrangement, which we also observe in the CPD structure of VcRTx, suggests that the mechanism of catalysis in this class of self-cleaving proteases may be different from one in which a catalytic triad is in place.
Intramolecular cleavage by CPD-To test whether InsP6-induced cleavage in TcdA is interor intramolecular, we mutated the conserved P1 residue from leucine to alanine (L542A) in g-CPD. This mutation prevented InsP6-inducible cleavage at the normal cleavage site (Fig 3C) . When this mutant was mixed with the catalytic cysteine mutant, g-CPD C700S, no cleavage was observed. The g-CPD L542A was unable to cleave the normal cleavage site of g-CPD C700S suggesting that intermolecular cleavage does not occur for TcdA. In the crystal structure of TcdA CPD, residues 543-546 are unstructured. In TcdA CPD containing an intact cleavage site, the unstructured residues 543-546 likely extend into the catalytic site. The structure of the TcdA CPD suggests that Leu542 may bind in a hydrophobic pocket located between the catalytic cysteine and the β-flap (Fig.  3D ). This pocket is made up of the residues Ile591, Ala 595, Ile653, Leu698, Val746, Ile748, and W763 (shown in green in Fig. 3B and 3D ), which are mostly conserved among LCTs (supplemental Fig S3) .
Binding of InsP6-The InsP6 molecule is highly charged, bearing six negatively charged phosphate groups, and accordingly, binds within a positively charged pocket of the TcdA CPD (Fig.  4A) . Binding of InsP6 results in a significant stabilization of TcdA CPD as reflected by an increased resistance to digestion by chymotrypsin (supplemental Fig. S3 ). Efforts to obtain crystals of the TcdA CPD in the absence of InsP6 were unsuccessful, so NMR spectroscopy was used to assess the nature of InsP6-induced structural changes. The 1D 1 H NMR spectrum of apo TcdA shows excellent dispersion of the signals indicative of a well-folded globular domain (Fig 6,  lower trace) . Addition of InsP6 into the sample resulted in a substantial perturbation of the signals with an even greater dispersion (Fig 6, upper  trace) . This is most evident in the very high field methyl region (-0.4 -0.4 ppm) and the very low field amide region (8.4-10.4 ppm, inset) of the spectrum. These data indicate that the TcdA CPD is folded in the absence of InsP6 and imply that InsP6 binding induces significant conformational reorganization and structural stability within TcdA CPD.
Insights into the effects of InsP6 binding on TcdA CPD are provided by the high resolution structure of the complex. The TcdA CPD has nine residues that make direct contacts with the InsP6 (Fig. 4B) . These include one arginine (Arg753), one tyrosine (Tyr579), and seven lysines (Lys577, 602, 649, 754, 766, 777, and 794). Thus, binding of InsP6 involves residues spanning the entire domain, consistent with the significant reorganization of the structure upon binding. Lys794, which is conserved among all LCTs except TpeL of C. perfringens (supplemental Fig.  S4 ), coordinates the axial phosphate group of the InsP6. This residue is located on the C-terminal β−strand, which is entirely absent from the VcRTx CPD. Thus, the position of the axial phosphate group and the orientation of the InsP6 in the VcRTx CPD structure are markedly different from that in TcdA CPD (Fig. 4A) .
In VcRTx CPD, Lys602, 754, 766, 777, and Arg753 are conserved and important for binding InsP6 and proteolysis (supplemental Fig. S2 ) (16) . To test the importance of both conserved and unique InsP6-binding interactions in TcdA autoproteolysis, lysine residues 577, 602, 754, and 794 were mutated to asparagine in the g-CPD protein background and tested for InsP6 inducible cleavage (Fig. 4C) . The mutant proteins required 10-1,000 times higher concentrations of InsP6 to achieve an equivalent amount of cleavage as wild type g-CPD, confirming the significance of each of these InsP6 ligands.
The β-flap-In the structural analysis of VcRTx, Lupardus et al. propose the β-flap as a link between InsP6 binding and the catalytic site (16) . In TcdA, the β-flap contains a network of amino acid side chains that may be involved in transmitting InsP6-induced structural changes to the active site (Fig. 5A) . The active site side of the β-flap includes Val746, Ile748 and Trp763, residues that line the hydrophobic pocket thought to be involved in binding the P1 residue of the substrate (Leu542) (Fig. 3D) . On the InsP6 side of the β-flap, the conserved Arg753-Lys754 pair and Lys766 directly coordinate the InsP6 (Fig. 4B,  5A ). Lys766 is located at the beginning of α4, a structural element not found in the structure of VcRTx CPD. In addition to interacting with InsP6, the α4 helix stabilizes the β-flap with an electrostatic interaction between Glu768 and Lys762 (Fig. 5A) . Arg747 also stabilizes the β-flap structure. This is through an electrostatic interaction with Glu755 and a π-cation interaction with Trp763 (Fig. 5A) . While Trp763 is strictly conserved in the broad family of CPD sequences, the Arg747 and Glu757 residues are only conserved within the LCT's (supplemental Fig.  S4 ). In VcRTx, and other homologs from gramnegative bacteria, the residue corresponding to Arg747 is an alanine. Efforts to analyze a TcdA CPD R747A mutant failed due to protein instability, implying a role for Arg747 in the absence of InsP6. Thus, in TcdA (and likely all LCT's) the β-flap is an important structural element both in separating the InsP6-binding and substrate-binding sites and in contributing to the global stability of the fold.
DISCUSSION
TcdA and VcRTx represent two classes of large toxins that target the eukaryotic cytoskeleton through very different mechanisms. The proteins contain a single region of homology, the CPD, which is involved in proteolytic processing of the toxins. Comparison of the atomic structures from these highly divergent domains provides an opportunity to gain insight into the selective pressures needed for function in both systems.
The CPD from TcdA is larger than that of VcRTx and contains a C-terminal extension that was not readily apparent through sequence analysis. The observation that Lys777 and Lys794 are involved in coordination of InsP6 provides ready explanation for the lack of activity in the 510-769 construct we made based on sequence alignment with VcRTx. The altered conformation of InsP6 within the active site reflects the contributions from this C-terminal extension as well as other structural differences in the TcdA and VcRTx InsP6 binding sites. Lys766 is presented by the α4 helix, not present in VcRTx, and the loop containing K577 is positioned very differently in the two molecules (supplemental Fig. S1 ). The capacity to evolve differences in how InsP6 (and related molecules) are bound has been noted in the family of RNA editing enzymes (24) and could be relevant in a newly identified and largely uncharacterized family of CPD homologs from bacteria and eukaryotes (25) .
The VcRTx and TcdA CPD structures were obtained in the presence of InsP6. The dispersion of peaks observed in the apo-and InsP6-bound proteins by NMR suggest that both proteins are folded but that InsP6 binding confers stability and induces significant structural change (Fig. 6) . This is not unexpected given the energetically unfavorable accumulation of positive charges that one would predict in the absence of InsP6 (Fig.  4A) . We propose that the energetic gains of complementing these positive charges with InsP6 allow the molecule to overcome the energetic barrier needed to access its active conformation. An example of such an allosteric transition in a single domain protein has been documented in the phosphorylation of the NtrC response regulator (26) . In TcdA, the InsP6-induced conformational changes are likely to involve the organization of the substrate-binding pocket through stabilization of the β-flap.
A trio of Asp, His, and Cys residues has been shown to be essential in the auto-proteolytic processing of VcRTx (15), TcdB (13) , and TcdA (this work). The structures of the TcdA and VcRTx CPDs, however, indicate that these residues do not adopt a convential catalytic triad arrangement. Instead, the cysteine and histidine residues are separated by a large cavity which is likely to serve as the substrate-binding pocket ( Fig  3B, 3D) . In TcdA, this pocket is ~11Å long, ~7Å wide, ~7Å deep and bounded by α1, the β-flap, and the loop containing His655. One end of the cavity is hydrophobic and believed to represent a binding site for the P1 leucine residue of the substrate (Fig 3D) . While His655 is on a flexible loop and could re-orient in the presence of substrate, the structural changes needed to account for the observed importance of Asp589 would be substantial and require rearrangement of α1 and occlusion of the substrate binding cavity (Fig. 3B) . Thus, despite biochemical evidence consistent with a catalytic triad, the TcdA and VcRTx CPD crystal structures indicate that the His and Asp residues are not positioned to increase the nucleophilicity of the Cys. Rather, His655 may be acting as an oxyanion hole with Asp589 important in its capacity to orient His655. TcdA and VcRTx CPDs may employ a primitive mechanism of proteolysis wherein the need to "activate" the nucleophile is obviated by the intramolecular and/or single turnover nature of the reaction. Mutant serine proteases in which His and Asp have been removed from the catalytic triad still catalyze reactions with ~10,000 fold rate enhancements (27) , explained largely by their ability to constrain substrate and stabilize the developing oxyanion (28) .
In summary, we have shown that the CPD of TcdA is able to use InsP6 to activate an intramolecular auto-proteolytic processing event. The structural analysis reveals striking similarities in the mechanisms of TcdA and VcRTx InsP6-inducible cleavage but also shows differences in the conformation of InsP6 and the organization of the β-flap. These observations should aid the elucidation of unique and conserved molecular features required for virulence in TcdA, the LCTs and the larger family of CPDs from MARTX toxins. K577N, K602N, K754N , and K794N g-CPD at 5µM were tested for autoproteolysis over a range of InsP6 concentrations. Each mutant required 10-1000 fold more InsP6 in order to undergo autoproteolysis at levels comparable to wild-type. by guest on November 19, 2017 
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